Abstract
Introduction
cycle, contributing to a slowed maximal shortening velocity. Taken together, these 115 investigations suggest cross-bridge kinetics and function are impaired in older adults between 65 116 and 75 years of age (10, 21, 29, 32, 33) 
134
Permeabilized muscle fiber segments activated in high [Ca 2+ ] activating solution offers a 135 preparation model free from neural and activation issues, which is useful in investigating cross- place. Therefore, in this experiment only the cross-bridge attachments, followed by their 145 transition from non-force-bearing to force-bearing states, contribute to force re-development.
146
Furthermore, the rate constant of force development (k tr ) during the transition from non-force-147 bearing to force-bearing states reflects the rate of cross-bridge reattachment and the power stroke 148 (4), thus providing a means of assessing the role of cross-bridge kinetics in contractile 149 dysfunction of aging muscle.
150
Many of the typical age-related impairments to the neuromuscular system are absent in 151 highly-trained older masters athletes (37). Additionally, masters' athletes provide a model to 152 explore successful aging in a population of older adults free from many confounding factors (i.e., in these exceptional individuals and may thus provide novel insights into mechanisms of 158 successful aging. In this respect, it is unknown whether these exceptional older athletes have 159 maintained cross-bridge kinetics and muscle function similar to younger adults, which may have contributed to their successful aging and athletic prowess relative to their age-matched 161 counterparts.
162
The purpose of this study was to test the hypotheses that single permeabilized muscle 163 fiber segments from older non-athlete adults show an age-related reduction in specific force,
164
shortening velocity, and have a lower k tr than young, while older masters' athletes would not 165 differ from young and thus intrinsic cross-bridge function would be maintained similar to young.
167

Materials and Methods
168
Participants: All young (n = 6, 23.4 ± 1.0 y, 178.3 ± 7.9 cm, 79.7 ± 9.6 kg), older non-169 athlete adults (NA; n = 5, 78.2 ± 9.4 y, 167.8 ± 2.7 cm, 69.7 ± 3.8 kg), and elite masters track 170 and field athletes (MA; n = 6, 78.8 ± 3.6 y, 176.3 ± 5.7 cm, 73.7 ± 12.7 kg) were asked to 171 refrain from unaccustomed and strenuous exercise prior to the muscle biopsy procedure. All 172 participants were male had no known neurological or musculoskeletal conditions. The young 173 adults were recruited from the university population and the NA adults were living 174 independently and recruited from the local community. The MA consisted of male track and 175 field athletes ranked in the top 3 of their respective events at the world masters championships.
176
The MA combined held world records for the: Marathon (80-84 y), 100 m (75-79 y), 100 m 177 hurdles (75-79 y) and were ranked second and third for the 1500 m (75-79 y) and pentathlon
178
(85-89 y), respectively. This study was approved by the (51), the optimal length of force production would be ~2.7 μm. Therefore, before activation, the 240 initial sarcomere length was adjusted to ∼2.8 μm (optimal length; L o ) which then shortened to fibers became unclear such as to not allow measurements of SL, the experiment was terminated.
246
Muscle contraction was induced by first transferring the single muscle fiber preparation 247 from a relaxing to a pre-activating bath for ~10 s, then to the activating bath for ~30 s, before 248 return to the relaxing bath. Force and length data were sampled at a rate of 10,000 Hz. The typically has a shape factor of between 0.7 and 0.8 with angular fibers being less than that.
256
Unloaded shortening velocity (V o ) was determined using the slack test method (14).
257
Three separate slack tests were performed on each fiber, corresponding to length steps of 5, 10 258 and 15% L o . The fiber was allowed to reach P o , then a predetermined length step was imposed 259 rapidly (2 ms) which allowed the fiber to become slack and tension drop to zero. Force ).
266
The kinetics of force re-development was assessed using a slack re-stretch method (3).
267
After full force development and P o was reached the fiber was shortened by 15% with a 10 L o •s −1 268 ramp, this reduced the force momentarily to zero, and was then followed by a brief period (25- against MHC isoform analysis. This previous study showed that the error associated with this 294 binning procedure was ~5 and 7% for the fast and slow type fibers, respectively. Therefore, it is 295 possible that some of the fibers in the 'slow type' group may express MHC II isoforms. These data were further analyzed with respect to the above mentioned contractile properties to assess 297 potential age and activity dependent differences of 'slow' type muscle fiber properties.
298
Statistical analysis: Unless otherwise mentioned in figure legends, comparisons 299 between subjects were performed using unpaired bilateral Student's t tests. of cross-bridge kinetics, i.e., the rate of force re-development (k tr ) (4). To our knowledge, this 351 was the first time such an assessment was performed on muscle from older adults. The main 352 finding was that both older groups had a considerably slower k tr than the young group, indicating 353 that cross-bridge kinetics in both older groups was twice as slow as young for slow type fibers. 
360
The finding of a reduced type I fiber proportion (%) (Figure 1.) properties of aged muscle is partially dissociated from fiber type composition. The literature is 378 divergent regarding age-related changes to isometric single fiber specific force and shortening 379 velocity, with some studies showing specific force and unloaded shortening velocity to be 380 decreased with aging (65-81y) (10, 11, 17, 23, 24, 33, 53) and others reporting no change in 381 force or shortening velocity (15, 45, 49) between the ages of 60-80 y. These disparate findings 382 could be related to varying ages tested (i.e., age range tested spans 2 decades; ~60-80y) and the 383 participants' habitual levels of physical activity, both factors which are known to influence 384 muscle contractility (5). For example, when older adults were grouped relative to their levels of 385 daily physical activity (11), contractile performance progressively declined from highly active to 386 sedentary. Further, two longitudinal training studies showed an increase in specific force, 387 unloaded shortening velocity (34), and actin sliding velocity (6), highlighting a considerable 388 plasticity for contractile performance to improve in old age. Additionally, the biopsy procedure and fiber dissection may be intrinsically biased towards sampling only from those most robust 390 single fiber segments capable of surviving the procedure (discussed below).
391
Absolute single muscle fiber force of endurance trained masters athletes is typically 392 reduced compared with age-matched controls owing to a smaller fiber diameter (50). However,
393
as reported previously, and as shown in the present study, when force is normalised by fiber 394 CSA, the athletes' specific force was similar to age-matched controls (50). Additionally, sprint 395 trained masters athletes typically have larger single muscle fiber diameters compared to 396 endurance trained, and similar specific force (22). In the present study, upon normalizing force 397 to CSA and binning into 'slow' type fibers, we report here that the slow type fibers from NA 398 were weaker than young and not different from MA adults (Table 1) . Similarly, when circularity 399 was not assumed and CSA was calculated based on fiber angularity, upon normalizing force, NA 400 had a lower specific force than young and not different from MA adults (Table 1 ). Unloaded 401 shortening velocity for both MA and NA adults was slower compared with young while both 402 older groups did not differ (Figure 3 ). These findings for unloaded shortening velocity may not 403 only be related to the k tr values but the myosin step size (discussed below). CSA (circularity 404 assumed) of the permeabilized single muscle fiber segments were similar across group.
405
Interestingly, these results at the single fiber segment level contrast sharply with morphological 406 measurements in the MHC labeled cross-sections in that the latter method revealed marked fiber 407 atrophy of all fiber types in the NA adults versus young subjects (Table 1 ). There remained a fiber size with aging is usually seen in studies using this approach (16, 48, 49) . given the isometric tensions were similar or elevated in the old compared to the young this brings 455 into questions whether cross-bridge kinetics were indeed 'functionally' slower in the muscles of 456 older adults, or whether the subjects were 'old enough' to address ages when muscle weakness 457 becomes most clinically relevant (>75 y old). Limitations: In our sample, virtually no 'fast' type fibers survived the isolation procedure 478 for the NA group. Therefore, in the present study, single muscle fibers were binned into a 'slow' 479 type group based on 40% of the maximum unloaded shortening velocity of the 'fastest' fiber in 480 each group. In healthy young adult muscle it is well accepted that single muscle fiber contractile properties are highly dependent upon the content and expression of myosin heavy chain (MHC) 482 isoforms (2). With adult aging however, it has been reported historically that there is a reduction 
Conclusion:
In the present study, we provide for the first time a detailed account of the 497 rate of force re-development in healthy older participants and elite world champion master 498 athletes. We found for slow type fibers, cross-bridge kinetics was similarly impaired in both 499 groups of older adults as compared with young. Based on the measure of instantaneous stiffness 500 during force re-development we suggest that there were a similar number of attached cross-501 bridges for both MA and young, however the transition from weakly to strongly bound cross-502 bridges was driving the impairment in the MA group. On the other hand, for the NA group, both 503 cross-bridge kinetics and stiffness were reduced, suggesting an overall loss of cross-bridge 
